Abstract--Three samples of bluish chromium-bearing dickite and chromium-bearing kaolinite were examined by X-ray powder diffraction, chemical analysis, electron microprobe, optical, and infrared techniques to determine whether chromium is part of the mineral structure or present in an impurity phase. Two of the samples studied contain a single dominant chromiumbearing phase (either dickite or kaolinite); the third contains equal proportions of both minerals. The optical absorption and infrared spectra are consistent with the presence of octahedrally coordinated chromium. The range of Cra+-AI ~+ substitution is rather limited: up to 0.06 atoms per unit cell. The electron microprobe study revealed the presence of very rare, minute grains of chromite, as well as a uniform distribution of chromium in dickite and kaolinite, indicating that chromium occupies octahedral sites in the structure of these minerals.
INTRODUCTION
Enrichment of chromium is encountered in clays formed by hydrothermal alteration of ultramafic rocks. Some illites and smectites contain as much as 14.59% and 13.74% Cr203, respectively (Maksimovi~ and White, 1973) . Due to a lack of alumina in ultramafic rocks Cr a § may substitute for AI a+ in octahedral position.
Cr-kaolinite and Cr-dickite are exceptionally rare in nature. Chromium-rich kaolin materials were discovered in the argillic zone outward from an epithermal sulfide vein in ultramafic rocks near Tesli6 in Bosnia, Yugoslavia. The argillic alteration zone was described by Maksimovi6 and Crnkovi6 (1968) . The chromiumrich kaolin subzone is located closer to the sulfide vein than is the smectite subzone, but chromium attains the greatest concentration in the latter subzone. Aluminum, on the other hand, is most abundant closer to the vein in the kaolin subzone, due probably to the different dissolution pHs of A1-and Cr-hydroxides. With increasing acidity from the neutral point, Cr(OH)3 begins to dissolve at pH 5.3, whereas AI(OH)3 does not enter solution until pH 4.1 (Britton, 1925 hydrothermal solutions were between these two pHs for a long period of time, chromium would be selectively dissolved from the solid phase. It seems, therefore, that conditions associated with formation of kaolinite and dickite enhance the geochemical separation of chromium from aluminum.
RESULTS AND DISCUSSION

Materials
Three samples of bluish chromium-containing kaolin materials were collected from the 12-m thick kaolin subzone, which becomes more silicified close to the sulfide vein itself. The samples are various shades of blue or blue-green: Sample 2378 is grayish blue-green (5 BG 5/2; Rock Color Chart, 1975) and contains 0.69% Cr203. Sample 664 is pale blue-green (5 BG 7/2) and contains 0.57% Cr2Oa. Sample 665 is very pale blue (5 B 8/2) and contains 0.26% Cr203. The intensity of the color increases with the chromium content. Due to variations in quartz content and to inhomogeneity of the samples, the relation between mean index of refraction and the chromium content could not be determined.
X-ray powder diffraction measurements
X-ray powder diffraction (XRD) patterns were obtained with a Philips PW 1051 diffractometer using Ni-213 filtered CuKa radiation and a scanning speed of 1~ min. As seen from Figure 1 the XRD data show wellcrystallized kaolinite and dickite to be present in various proportions in all samples. According to line intensity data, sample 2378 contains dickite as a major component; sample 664 consists of kaolinite and dickite in about equal proportions and a large amount of quartz; and sample 665 contains kaolinite as a dominant phase, with only a trace of dickite (anatase was identified only in this sample). The substitution of Cr 3+ for AI 3+ in octahedral sites in Cr-halloysites caused an increase in the b-dimension, as measured by the 060 spacings (Maksimovi6 and White, 1973) . Although the 060 peak in samples of Crdickite and Cr-kaolinite was recorded at high sensitivity, a similar shift of the 060 spacings of the three samples listed above was not established with certainty, probably due to the relatively small amount of chromium present.
Chemical analysis
The chemical compositions of the kaolinite and dickite are similar. Small amounts of various ions may substitute in the structure, but because of the fine-grained nature of the clays it is difficult to be certain that all impurities have been eliminated. The chemical analyses of the three samples of dickite and kaolinite are presented in Table 1 . Assuming that TiO2 occurs as anatase (detected by XRD in sample 665), chromium is the only possible substitute for aluminum. This substitution is facilitated by the similarity in ionic size (Cry, 3+ = 0.70 /~; Alv~ 3+= 0.61 ~; Whittaker and Muntus, 1970) . Cr3+-AI a+ substitution has been shown to exist in Crhalloysites and gives rise to a blue color of the samples Sample 2378 = dickite with a small amount of kaolinite and -5% quartz.
2 Sample 664 = kaolinite and dickite with -28% quartz.
3 Sample 665 = kaolinite with -6.5% quartz and -1.6% anatase.
( Maksimovi6 and White, 1973) . Therefore, this substitution might be expected to some degree in kaolinite and dickite as well.
If all of the chromium is present as structural cations, the range of Cr3+-AP + substitution in kaolinite and dickite is rather limited--less than 0.06 atom per unit cell. Halloysite containing the upper limit of approximately 1.00 Cr atom per unit cell was dark blue in color in contrast to the pale blue-green color of dickite and kaolinite containing approximately 0.06 Cr atom per unit cell.
Trace elements determined by an emission spectrographic technique are listed in Table 2 . Except for 190-310 ppm vanadium, most of the other elements occur in very small quantities. 
Electron microprobe study
Electron microprobe analyses were carried out by means of a JEOL JXA-5 electron microprobe at an accelerating voltage of 25 kV. A combination of backscattered electron images and searching by the characteristic wavelength of chromium detected very rare, minute chromite grains in sample 2378 (Figure 2) . Apart from the chromite grains themselves the X-ray map of CrKa (Figure 3c) shows a uniform distribution of about 1.0% Cr throughout the dickite portion of the sample and no traces of this element in quartz. The same results were obtained for samples rich in kaolinite (664 and 665). Thus, the chromium in dickite and kaolinite is not present as a chromium-rich impurity, such as chromite, but as a substitution in the mineral structure.
Optical absorption spectra
Optical absorption spectra between 350 and 750 nm (28,570 and 13,330 cm -~) of powdered samples were obtained using a diffuse reflectance attachment and Hilger Uvispek spectrophotometer with a quartz monochromator. The absorption spectra of two samples examined are essentially identical (Figure 3) . Absorption peaks at 410 nm (24,390 cm -1) and 605 nm (16,529 cm -1) are similar to those found in several related chromium-containing samples and are fully consistent with octahedral Cr 3+ electronic transitions. There is no indication of tetrahedral Cr 3 § which would probably lead to noticeable absorption at about 685 nm, as indicated by Bish (1977) .
The absorption spectra show that Cr a+ in Cr-dickite (sample 2378) and Cr-kaolinite (sample 665) occupies only octahedral sites where it substitutes for AP +. The absorption bands are responsible for the blue-green color of these minerals, similar to that of Cr-halloysites in which Cr a+ substitutes for A13+ in octahedral coordination.
Infrared measurements
The infrared (IR) spectrum for sample 2378 (KBr pellet, 1 mg sample/300 mg KBr and 0.2 mg sample/300 mg KBr) is shown in Figure 4 . The predominant OHstretching frequencies at 3696, 3654, and 3622 cm -1 are typical of the three strong bands of dickite (van der Marel and Beutelspacher, 1976, pp. 70--71; Farmer 1974, p. 335) . In addition, a spectral feature uncharacteristic for kaolin minerals occurs at 3586 cm -1 and may be due to perturbation of the OH-stretching frequency by the Cr ~+ in octahedral sites (see below). The presence of dickite is further confirmed by the presence and relative intensities of the bands at 1100 and 1120 cm -1 (van der Marel and Beutelspacher, 1976) . The spectra of samples 664 and 665 show similar features, but to a lesser degree. Figure 5 shows the OH-stretching region for the three Cr-containing samples. The OH-stretching frequencies at 3696, 3654, and 3622 cm -1 are dominant for sample 2378 (0.69% Cr203) with a very slight shoulder at 3670 and a small but distinct band at about 3586 cm-L As indicated above, these bands are characteristic of dickite; the band at 3586 cm -~ is well resolved upon 10 • scale expansion and it may be associated with the octahedral grouping AP+Cr3+OH in which Cr a+ has an effect similar to that of Fe 3 § (Farmer, 1974, p. 337 
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WAVENUMBER (cr'n "l) Figure 5 . Infrared spectra of OH-stretching region for samples 2378, 664, and 665. substitution of Cr ~ § for A13 § in these samples is somewhat analagous to that in Cr-halloysite (Maksimovi6 and White, 1973) , but the extent of substitution is much lower for the Cr-dickite and Cr-kaolinite (0.69% Cr203) compared to 11.7% Cr203 for the Cr-halloysite. The intensities of the 3654 and 3586 cm -~ bands of samples 664 and 665 decrease with decreasing Cr-content, whereas the band at 3670 becomes better resolved. The proportion of kaolinite increases as the Cr-content decreases as indicated by variation of the relative intensity of the band at 3696 cm -~ vs. the band at 3622 cm -1.
Commenting on the structural differences between kaolinite and dickite, Bailey (1980) stated "Kaolinite and dickite both are based on the IM stacking sequence of layers, and would be identical if trioctahedral. In kaolinite the vacant octahedral site is in the same place in each layer, and can be located at site B or site C in Fig.  1.3 . In dickite the vacant octahedral site alternates between B and C in successive layers to create a 2-layer structure. The alternation of vacant sites creates monoclinic glide planes parallel to (010) and balances the stress distribution in the two layers so that the cell shape remains monoclinic also. Thus, dickite can be considered as a regular alternation of right-and left-handed kaolinite layers, in one sense, or as a superstructure of the ideal 1M polytype due to a particular ordering pattern of octahedral cations and vacancies."
The presence of the slightly larger Cr 3+ ions in the kaolin structure likely increases the probability that there will be alternation of vacant sites which favors the formation of the dickite structure. Thus, an increase in the proportion of dickite with increasing Cr-content was observed.
